Adeno-associated viruses (AAVs) are nonautonomous human parvoviruses in that they are dependent on helper functions supplied by other viruses or on genotoxic stimuli for conditions permissive for replication. In the absence of helper, AAV type 2 enters latency by integration into a specific site on human chromosome 19. This feature of AAV, in combination with a lack of pathogenicity, makes AAV an attractive candidate vector for human gene therapy. Goose parvovirus (GPV) is both autonomous and pathogenic yet is highly homologous to AAV. To address the molecular bases for the different viral lifestyles, we compare the AAV and GPV nonstructural proteins, Rep78 and Rep1, respectively. We find that Rep78 and Rep1 possess several biochemical activities in common, including (i) high-affinity DNA binding for sequences that constitute the minimal DNA replication origin; (ii) nucleoside triphosphate-dependent DNA helicase activity; and (iii) origin-specific replication of double-stranded linear DNA. These experiments also establish a specific 38-bp DNA sequence as the minimal GPV DNA replication origin. It is noteworthy that although the proposed Rep binding sites of GPV and AAV are highly similar, Rep1 and Rep78 show a high degree of specificity for their respective origins, in both binding and replication assays. One significant difference was observed; with the minimal replication origin in adenovirus-uninfected extracts, Rep78-mediated replication exhibited low processivity, as previously reported. In contrast, Rep1 efficiently replicated full-length template. Overall, our studies indicate that GPV Rep1 and AAV Rep78 support a comparable mode of replication. Thus, a comparison of the two proteins provides a model system with which to determine the contribution of Rep in the regulation of dependence and autonomy at the level of DNA replication.
Adeno-associated viruses (AAVs) are nonpathogenic human viruses with the ability to integrate site-specifically into the human genome (13, 25-28, 34, 35, 48) . These features make them of great interest as potential vectors for human gene therapy.
AAV is a member of the genus Dependovirus of the subfamily Parvovirinae within the Parvoviridae family. Parvovirinae are divided into three genera, Dependovirus, Parvovirus, and Erythrovirus (2) . The dependoviruses (AAVs) are unique within the parvovirus family in requiring helper functions supplied by coinfecting virus (reviewed in reference 2). These helper functions are needed for productive infection and rescue of integrated virus. Limited replication can also be induced by genotoxic stimuli (59) (60) (61) . Unlike AAV, all of the members of the genus Parvovirus are capable of autonomous replication and can have pathogenic effects. Surprisingly, the closest known relatives to AAV as determined by DNA sequence comparison are three highly homologous avian viruses from the genus Parvovirus (62) , namely Muscovy duck parvovirus, Barbarie duck parvovirus, and goose parvovirus (GPV). The close genetic relationship of AAV and the avian parvoviruses allows the examination of the structural and mechanistic features which differentiate a nonpathogenic, dependent virus from a potentially pathogenic, autonomous virus. Since most aspects of the viral life cycle after entry into the cell are regulated by the nonstructural proteins encoded by the virus, we have begun this analysis by comparing the in vitro activities of Rep78 of AAV and the comparable protein, Rep1, of GPV.
The products of the AAV rep genes, four nonstructural proteins, Rep78, -68, -52, and -40, are encoded within a single open reading frame in the left half of the genome (15, 36, 38) . Rep78 and Rep68 are required for virtually every aspect of the viral life cycle, including replication (17, 52) , repression and activation of viral and cellular promoters (16, 19, 30-32, 37, 43) , and the generation of single-stranded viral genomes for packaging into virions (5, 18) . Although Rep78 and -68 are not expressed at detectable levels at early stages of AAV infection in the absence of helper, genetic studies have shown that Rep78 and/or Rep68 are also required for site-specific integration (1, 35, 51) . In accordance with their in vivo functions, the in vitro activities of Rep78 and -68 include specific DNA binding at the Rep binding site (RBS) (7, 21, 47, 58) , site-and strand-specific endonuclease activity at the terminal resolution site (trs) (20) , nucleoside triphosphate (NTP)-dependent helicase activity (20, 21) , and AAV origin-dependent DNA replication (40, 57) . The characterization of these proteins has been greatly facilitated by recent advances that have allowed the purification of active viral fusion proteins from Escherichia coli (6) .
Much less is known about GPV, an autonomous parvovirus that causes a lethal infection in geese. The entire virus has been sequenced, revealing two open reading frames (3, 62) . The first is predicted to encode at least two nonstructural proteins, Rep1 and a smaller protein that could be initiated from an internal ATG, Rep2. The other is predicted to encode capsid proteins. The larger nonstructural protein, Rep1, is most similar in size, sequence, and functional motifs to Rep78 from AAV (Fig. 1A) . The highest degree of sequence identity (67%) of Rep78 and Rep1 is found in the central core, the sequence shared by all four AAV Rep proteins. If conservative amino acid replacements are included, the similarity is 83%. Furthermore, this region contains four highly conserved NTP binding-helicase motifs (14, 23) . The amino-terminal sequences are 37% identical (58% similar), and they also share at least one structural motif in the vicinity of a tyrosine residue that has been implicated in the covalent attachment of vertebrate parvovirus nonstructural proteins to viral DNA (i.e., tyr152 in Rep68) (12, 50, 54) . The lowest sequence identity, 22% (32% similarity), is observed at the carboxy terminus. Despite this low degree of identity, both proteins have potential Zn finger motifs in this region.
In contrast to that of GPV, the life cycle of AAV has been studied extensively. The block to replication of AAV in the absence of helper occurs at a minimum of three discrete stages in the AAV life cycle: (i) efficient second-strand synthesis (44, 45) ; (ii) efficient transcription of the AAV genome (4, 22, 46) , leading to production of the Rep proteins; and (iii) the process of replication itself. Replication assays have been performed in extracts from both uninfected and adenovirus (Ad)-infected cells which were supplemented with exogenous Rep68 MBP (6), a fusion protein of Rep68 and maltose binding protein (MBP) (55, 57) . Using linear duplex AAV DNA as a template, the uninfected extracts produce a larger proportion of replication products which are correctly initiated but prematurely terminated, suggesting that one Ad helper function is to increase the processivity of AAV DNA replication (55) . The increased processivity found with Ad-infected extracts has recently been shown to be due to the presence of Ad DNA binding protein (DBP) (56) . Addition of DBP to uninfected extracts results in increased processivity of Rep-mediated origin-dependent replication. Replication is also partially enhanced in extracts made from HeLa cells grown continuously at high density (39) . In this case, it is possible that increased activity of replication protein A (RPA), a cellular single-stranded DNA binding protein, partially alleviates the block in replication, as RPA is also able to increase the processivity of the AAV replication complex (56) . In order to establish a model system for the comparison of Rep1 and Rep78, each protein was produced in E. coli as a His-tagged fusion protein and analyzed in vitro for activities associated with replication. In order to assay GPV replication, we identify a 38-bp sequence from GPV by analogy with the known AAV origin and show that it is necessary and sufficient to direct Rep1-mediated replication in a cell-free system. We also show that, like Rep78, Rep1 binds to sequences within its origin of replication and exhibits NTP-dependent helicase activity. Overall, our findings support a close functional relatedness between Rep1 and Rep78. A significant difference between the two proteins is the ability of Rep1 acting on the GPV origin to support a more processive replication in uninfected cell extracts in comparison to Rep78 acting on the AAV origin. Based on the biochemical similarities between these two proteins, we expect that further studies of Rep78 and Rep1 will help to dissect the molecular bases underlying dependence versus autonomy.
MATERIALS AND METHODS

Materials.
All restriction enzymes were obtained from New England Biolabs, Inc. (NEB), except for BpuAI, which was from Boehringer Mannheim. Klenow and Klenow fragment (3Ј to 5Ј exo-) were from NEB. All NTP, dNTP, and poly(dIdC) were obtained from Pharmacia.
Cloning of GPV Rep1. The sequence encoding GPV Rep1 was amplified with Vent DNA polymerase (NEB) by using the primers 5Ј-CCCGGGCATGGCAC TTTCTAGGCCTCTTC-3Ј and 5Ј-CCCGGGTCAGATTCCGCCACGAGGC G-3Ј and viral DNA as a template. The product was cloned directly into the vector pCR 2.1 from Invitrogen. A SmaI fragment encoding the intact Rep1 was ligated to the expression vector pET16b (Novagen) which had been cleaved with XhoI and made blunt with Klenow. In the resulting construct, pHisRep1, the coding region of Rep1 was in frame with and carboxy terminal to the 10 histidine residues from the pET16b vector. The integrity of the rep1 gene was verified by sequencing. The coding sequences for Rep78 were subcloned into the pET16b vector to produce pHisRep78.
Mutation of Rep78 and Rep1. Overlapping PCR mutagenesis was used to introduce single amino acid changes into Rep78 (K340H) and Rep1 (K342H). For Rep78, two separate products were amplified by using primers A (CATCA TCATCATCACAGCAGCG) and AЈ (GATGTTGGTGTGCCCGGTAGT) or B (ACTACCGGGCACACCAACATC) and BЈ (CAGAGAGAGTGTCCTCG AGCC) using pHisRep78 as template and Pfu DNA polymerase (Stratagene). The resulting products of 1,083 and 883 nucleotides (nt), respectively, were gel purified, combined, and reamplified in the presence of primers A and BЈ. The final product of 2 kb was cut with SacII and DraIII to yield a 684-nt fragment. pHisRep78 was also cleaved with SacII and DraIII, gel purified, and ligated to the cleaved PCR product. Rep1M was constructed by a similar strategy using primers C (ATTGTGAGCGGATAACAATTCCC) and CЈ (CAATGTTGGTG TGCCCGGTGG) or D (CCACCGGGCACACCAACATTG) and DЈ (CCTCA AGACCCGTTTAGAGGC) on pHisRep1 as template. The final PCR product of 2.2 kb was cleaved with BamHI and NsiI and ligated to pHisRep1 cleaved with the same enzymes. In both cases, the introduced mutations changed the codon AAG (lysine) to CAC (histidine) and resulted in the loss of a cleavage site for BpuAI, providing a simple screen for minipreps. In the selected clones, the nucleotides generated by PCR were verified by sequencing to exclude extraneous mutations introduced by Pfu DNA polymerase. Protein purification. The pET16b vector (Novagen, Inc.) was used to express each of the proteins, Rep78, Rep78M, Rep1, and Rep1M in the BL21(DE3) strain of E. coli carrying pLysS. The resulting fusion proteins were purified according to the manufacturer's instructions (Novagen, Inc.). Briefly, protein expression was induced by culture in 1.0 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) for 1.5 h at 37°C (both Rep78 variants) or at 30°C (both Rep1 variants). Cell lysate was loaded on a 1-ml HiTrap chelating column (Pharmacia) charged with Ni 2ϩ and washed with binding buffer (20 mM Tris-HCl [pH 7.9], 0.5 M NaCl) containing 100 mM imidazole. Protein was eluted with binding buffer containing 1 M imidazole (Rep78 variants) or 500 mM imidazole (Rep1 variants). Glycerol was added to a final concentration of 15%, and aliquots were frozen in liquid N 2 and stored at Ϫ135°C. Before use in an electrophoretic mobility shift assay (EMSA), Rep78 proteins were desalted on a Biogel 30 column (Bio-Rad) equilibrated with 34 mM Tris-HCl (pH 7.5), 0.34 M NaCl, 0.13 mM EDTA, 0.01% Nonidet P-40 (NP-40), and 1.3 mM dithiothreitol (DTT). Rep1 proteins were desalted on Sephadex G-50 columns (Boehringer Mannheim Biochemicals) equilibrated with 34 mM Tris-HCl (pH 7.5), 67 mM NaCl, 0.13 mM EDTA, 0.01% NP-40, and 1.3 mM DTT.
Substrates for DNA helicase and EMSA. The oligomers corresponding to the substrates depicted in Fig. 1B were annealed and extended by Klenow fragment at 25°C for 15 min in the presence of 50 mM dTTP and dGTP and 0.09 mM [␣- 32 P]dCTP (6,000 Ci/mmol; Amersham). Electrophoretic mobility gel shift assay. A total of 200 ng of protein was incubated with 30 fmol of labeled DNA in a 20-l reaction mixture containing 10 mM HEPES-KOH (pH 7.5), 10 mM KCl, 3.3 mM MgCl 2 , 1 mM EDTA, 2.5 mM DTT, and 400 ng of poly(dI-dC). After incubation for 10 to 20 min at room temperature, 3 l of loading buffer (40% sucrose, 1% bromophenol blue, 1% xylene cyanol) was added, and 10 l of the total was analyzed on 6% polyacrylamide gel in 0.25ϫ Tris-borate-EDTA (TBE), run at 18 V/cm. The gel was treated as for the DNA helicase assay.
DNA helicase assay. Except where indicated, the DNA helicase assay was performed in a reaction mixture of 10 l containing 20 mM Tris-HCl (pH 7.5), 1 mM MgCl 2 , 4% sucrose, 8 mg of bovine serum albumin, 8 mM DTT, 1 mM ATP, and the indicated amounts of substrate and protein. The reaction was incubated for 30 min at 37°C and stopped by chilling on ice water. After addition of 3 l of gel loading buffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA, 20% Ficoll 70, 0.4% sodium dodecyl sulfate, 1.2% bromophenol blue), a total of 10 l was analyzed on an 8% polyacrylamide gel in 1ϫ TBE. Following electrophoresis, gels were fixed in 10% trichloroacetic acid, dried, and either autoradiographed or visualized on a STORM860 PhosphorImager (Molecular Dynamics). The relative amounts of product and substrate were quantitated from the PhosphorImager data with Imagequant version 1.11 software (Molecular Dynamics).
Replication assay. The replications were performed as described previously (55) . The reactions contained 0.1 g of template DNA and 160 ng of Rep78 or Rep1, and the reaction mixtures were preincubated for 3 h prior to the addition of [␣-
32 P]dCTP and Rep protein and for 16 h afterwards. The latter modification reduces the labeling from the putative repair activities to negligible levels. Reactions were terminated by passage over a Sephadex G-50 spin column and digestion with proteinase K (BMB). Products were analyzed by electrophoresis on 0.8% agarose gels in 1ϫ TBE.
RESULTS
Here, we focus on a biochemical comparison of Rep1 and Rep78 in order to study the molecular bases for the differences in viral lifestyles of AAV and GPV. We have isolated Rep78, Rep1, and their respective null mutants (constructed by mutation of a lysine from the nucleotide binding motif; see Materials and Methods) as His-tagged fusion proteins after expression in E. coli. The addition of a short histidine tag to the proteins avoids problems of steric hindrance potentially associated with bulkier fusion partners, such as MBP.
Rep78 and Rep1 exhibit specific DNA binding activity. To establish assays for DNA replication and related functions, we first identified sequences from AAV and GPV which might function as origins of replication. The actual minimal AAV origin has not been identified but would be expected to include the RBS and trs from the inverted terminal repeats (ITRs) of the AAV genome. This is supported by the finding that nearly identical sequences derived from human chromosome 19 (AAVS1) have been shown to support replication mediated by MBP-Rep68 and MBP-Rep78 (53) . Accordingly, synthetic oligonucleotides which contain 45 bp from the AAV genome and include the RBS and trs were synthesized (AAV ori; Fig. 1B) . The corresponding sequences from the GPV genome, containing the proposed GPV RBS and trs (62) , were also synthesized and are shown in Fig. 1B as GPV ori. A synthetic oligonucleotide of unrelated sequence (RS1) was used as a control.
In an EMSA, Rep1 was found to bind to the oligonucleotide which we have termed GPV ori, resulting in a mobility shift of 87% of the labeled DNA (Fig. 2B) . The binding was specific as it was competed by a 50-fold excess of cold GPV ori (to 14% shifted) but not by an unrelated oligonucleotide, RS1 (82% shifted). Rep1 binding to GPV ori was reduced to 53% by a 50-fold excess of cold AAV ori. Surprisingly, Rep1 was able to bind weakly to the AAV ori, resulting in 29% of the probe shifting. This interaction is specific as it was efficiently competed by a 50-fold excess of cold GPV ori (no probe shifted) or AAV ori (3% shifted) but not by RS1 (18% shifted).
Similarly, Rep78 binding to the AAV ori resulted in a mobility shift of 79% of the probe (Fig. 2A) . This was reduced to 6% with excess cold AAV ori but not with RS1 (81% shifted). Cold GPV ori led to a modest decrease in shifted probe (49%) indicating that Rep78 may bind the GPV ori with lower affinity. In agreement with this, Rep78 bound to the GPV ori, shifting 32% of the probe. This binding was efficiently competed by cold AAV ori (no probe shifted) and GPV ori (5% shifted) but not RS1 (24% shifted). Together, these data indicate that both Rep78 and Rep1 bind preferentially to sequences from their own origins and less well to sequences derived from other viral origins.
Rep1 and Rep78 have comparable DNA helicase activity. Both Rep78 and Rep1 have helicase activity on the three linear duplex DNA substrates shown in Fig. 1B , AAV ori, GPV ori, and RS1, an unrelated DNA sequence (Fig. 3) . Under the conditions of our in vitro assay, Rep78 is more active than Rep1 at low enzyme concentrations. At saturating levels of protein, helicase activities are comparable for both proteins.
The NTP requirements for Rep helicase activity were assayed on RS1 (Fig. 4) . For both Rep78 and Rep1, no helicase activity was detected in the presence of 5Ј-adenylimidodiphosphate, a nonhydrolyzable analogue of ATP, indicating a dependence of helicase activity on metabolic energy. In addition to ATP, helicase activity was supported by GTP, CTP, and UTP, in that order of efficacy. A minor difference was observed in the concentration of NTP necessary for maximal helicase activity by Rep78 and Rep1. Rep78 helicase activity reached saturation at 0.2 mM NTP while Rep1 activity was not saturated until 0.5 mM ATP or CTP and 1.0 mM GTP or UTP. This may reflect different binding affinities of the two proteins for the different NTPs.
Helicase activity of Rep78 is completely abrogated by a mutation in the nucleotide binding motif of lysine 340 to histidine (6, 29) . This Rep78 variant (Rep78M) has a dominantnegative phenotype (29, 41, 42) , consistent with the finding that the active form of Rep78 is a hexamer (49) . To test whether helicase activity of Rep1 also requires multimerization, we replaced the corresponding lysine in Rep1 (K342) with a histidine residue to produce Rep1M. As expected, both Rep variants were devoid of helicase activity (Fig. 5) . Furthermore, just as Rep78 activity was reduced in the presence of Rep78M FIG. 3. Rep1 and Rep78 have helicase activity on duplex DNA substrates. Rep78 and Rep1, in amounts indicated in nanograms, were titrated for helicase activity on three substrates, AAV ori, GPV ori, and RS1 (5 nM each; shown in Fig. 1B) , in a volume of 10 l as described in Materials and Methods. Products of the reaction were analyzed on an 8% polyacrylamide gel which was dried and exposed to a PhosphorImager screen. The percent substrate unwound was measured by using Imagequant 1.1 software and is displayed graphically. The negative control (CϪ) was incubated without added protein. The positive control (Cϩ) was heat denatured and resulted in 96% AAV ori unwound, 100% GPV ori unwound, and 97% RS1 unwound. Symbols: s, Rep 78; F, Rep 1; OE, Cϩ.
FIG. 4.
Rep helicase activity requires metabolic energy. The standard helicase assay as described for Fig. 3 was performed on RS1 by using 50 ng of Rep78 (A) or Rep1 (B) and the indicated concentrations of NTP.
(from 66 to 49% unwinding), Rep1 activity was decreased from 68 to 36% unwinding in the presence of equimolar Rep1M. A 2:1 ratio of variant to wild-type protein resulted in a further decrease in helicase activity. The possibility that wild-type Rep activity was inhibited by a nonspecific factor is not likely since Rep1M did not inhibit Rep78 and Rep78M did not inhibit Rep1, even at a threefold molar excess (data not shown).
Rep78 and Rep1 mediate origin-specific DNA replication. The templates for the in vitro replication assay were constructed by cloning the AAV origin and putative GPV origin (sequences shown in Fig. 1B) into a pBluescript vector. The resulting construct was linearized by cleaving with NaeI 300 bp 5Ј to the inserted sequences. Thus, replication originating at the trs site in the origin would have to proceed for 2.5 kb to produce full-length product. Figure 6 shows the products of a replication assay obtained by using uninfected cell extracts and analyzed on an agarose gel. Rep1 clearly mediates replication from a template containing the GPV origin (Fig. 6A, lane 6 ), but not significantly from a template which contains the AAV origin (Fig. 6A, lane 4) or from plasmid vector alone (data not shown). Similarly, Rep78 mediates replication from the AAV origin (Fig. 6A, lane 3) . Rep78 incubated with other templates stimulates very little incorporation of radioactivity (Fig. 6A , lane 1, and data not shown). Additionally, GPV and AAV origin templates incubated in cell extracts in the absence of FIG. 5 . Rep1 mutated in the nucleotide binding motif has a dominant-negative phenotype with respect to helicase activity. The standard helicase assay described in the legend to Fig. 3 was performed on RS1 by using Rep78, Rep78M, Rep1, or Rep1M, with amounts given in nanograms. S, substrate; P, product.
FIG. 6. Rep1 and Rep78 mediate origin-specific replication in a cell-free assay. Rep1 or Rep78 (160 ng) or buffer (Ϫ) was added to uninfected HeLa cell extracts with 100 ng of linear duplex templates containing either AAV ori or GPV ori sequences (shown in Fig. 1B ) in a volume of 15 l. The products were analyzed on a 0.8% agarose gel which was dried and exposed to film (A). The arrow indicates the full-length replication product (2.7 kb). PhosphorImager tracings of lane 3 (B) and lane 6 (C) are shown. The area under the curve is proportional to the radioactivity in that part of the lane.
added Rep protein are not replicated. Although both Rep1 and Rep78 lead to replication of full-length product, the majority of label incorporated with Rep78 leads to the synthesis of shorter products. This is clearly seen in Fig. 6C , which shows the radioactive profile of lane 6 from Fig. 6A . For Rep78, these shorter products were previously demonstrated to be derived from the template proximal to the origin and 3Ј to the trs, indicating that they are correctly initiated but prematurely terminated (55) . In contrast, Rep1-mediated replication from the GPV ori leads primarily to full-length product (Fig. 6B) .
DISCUSSION
The human parvovirus AAV has evolved a successful relationship with its host, being nonpathogenic while maintaining the capacity to propagate. As shown in tissue culture, AAV has adopted the strategy of two alternate pathways. First, AAV replicates only in the presence of helper factors, which are by themselves deleterious to the host cell. Among those identified to date are superinfection or coinfection with viruses like Ad and herpesviruses. In the absence of helper functions, AAV enters a latent pathway, integrating its DNA into the human genome. In contrast to randomly integrating viruses which can damage the host cell through insertional mutagenesis, AAV integrates into a specific locus of human chromosome 19q13.3-qter (27, 48) . When the host cell is superinfected by a helper virus, AAV can be rescued from its latent state, resulting in the efficient propagation of the virus.
In contrast, GPV has adopted a simpler strategy in which infection results in the rapid propagation of the virus. Nevertheless, the full DNA sequence of GPV (62) has revealed a surprisingly close structural relationship between GPV and AAV. This allows us to address the molecular bases for the different viral lifestyles by a comparison of the AAV and GPV Rep proteins (Rep78 and Rep1), focusing in these initial experiments on biochemical activities related to viral DNA replication.
To study replication-related Rep activities, it was necessary to identify viral DNA sequences capable of supporting replication. For AAV, the ITR has been shown to act as an origin of DNA replication. Due to structural differences between the AAV ITR (T-shaped hairpin) and GPV ITR (simple hairpin), we decided to use a minimal origin for DNA replication containing only the RBS and trs and omitting the hairpin regions. The corresponding sequence derived from AAVS1 of ca. 40 bp has previously been shown to act as a Rep-dependent origin of replication (53) as well as constitute the minimal requirement for AAV site-specific integration (35) . This data suggested that the analogous sequences from the viral ITRs might act as minimal replication origins as well. As a first experiment, we determined the relative binding affinities of the Rep78 and Rep1 proteins to their respective origins. The AAV RBS consists of three tetramer repeats (GCTC) plus GCGC. Within the ITRs of GPV a similar series of three tetramer repeats (GTTC) plus GAAC can be found. Consequently, Zadori et al. (62) proposed this motif to be the GPV RBS. The probes used in our assays extend beyond the putative RBS for 19 to 25 nt to include sequences at the end of the viral genome which, for AAV, constitute the trs. As shown in Fig. 2 , Rep1 binds with high specificity to this probe while Rep78 binds with high specificity to the AAV ori probe. It is interesting to note that although the core AAV and GPV RBS motifs differ by only 1 nt (C to T), the Rep proteins exhibit a clear preference for binding to their cognate viral origins. With respect to Rep78, this finding is in agreement with a report published by Chiorini et al. (8) proposing a consensus sequence for high-affinity binding by MBP-Rep78, (GCTC) 2 , based on random oligonucleotide selection. Note that we report the consensus sequence of the opposite strand, GCTC, rather than GAGC. The high specificity of origin binding for Rep78 and Rep1 agrees with the relatively lower level of sequence identity in the aminoterminal region of the Rep proteins (Fig. 1A) , the proposed site of the DNA binding domain (42) . These observations raise the intriguing possibility that domain exchanges between Rep78 and Rep1 may allow a refined identification of the functional Rep78 (and Rep1) DNA binding domains.
Helicase activity of Rep1 and Rep78 was tested on linear duplex DNA substrates of ca. 40 bp in length. On all substrates tested, both Rep proteins, when used at optimal concentrations, unwound duplex DNA with equal efficiencies (Fig. 3) . In order to ensure that the observed activities were not due to E. coli helicases copurifying with our Rep proteins, we generated the previously characterized NTP binding-site mutant which replaces lysine 340 with histidine in Rep78 (resulting in Rep78M). We also replaced the corresponding amino acid (lysine 342) in Rep1 to produce Rep1M. As expected, both variants were devoid of helicase activity (Fig. 4) . Furthermore, in agreement with the observation that this AAV Rep mutant has a dominant-negative phenotype over Rep78 (29, 41, 42) , the activities of the wild-type proteins (Rep78 and Rep1) were considerably reduced upon the addition of the respective mutant proteins (Fig. 4) . Inhibition of wild-type Rep by a mutant which lacks activity can occur if the protein normally assembles into a multimeric structure. These results suggest that Rep1, like Rep78, may function as a multimer.
Most significantly, Rep1 is able to mediate origin-dependent replication in uninfected cell extracts. This assay also identifies a 38-nt sequence from the GPV genome, similar in structure to the AAV origin, that can function as an origin of replication. Replication mediated by either Rep1 or Rep78 is highly origin specific. Rep1 does not efficiently replicate the AAV origin and vice versa. This is despite the fact that Rep1 binds to the AAV ori with moderate affinity. Conversely, Rep78 binds to the GPV ori and to AAVS1 with similar affinity (Fig. 2 and data not shown) yet does not mediate significant replication from the former while it does from the latter. These observations might be explained if Rep1 and Rep78 are highly specific for cleavage at their own respective trs.
By analogy to AAV, the GPV origin is likely to contain a trs. This can be inferred from the ability of Rep1 to initiate replication on linear duplex DNA. Replication of this substrate can proceed only if Rep1, by making a single-stranded cut at the trs, creates a 3Ј end to serve as primer for the polymerase. However, we were not able to directly detect endonuclease activity for Rep1 by using the minimal assay system developed for Rep78 (data not shown). It may be that Rep1 requires buffer conditions which are different from those identified for Rep78 (20, 21) . A more intriguing possibility is that Rep1, like NS1 protein from the autonomous parvovirus MVM, requires one or more factors present in the cell to acquire endonuclease activity (9, 10) . These questions are currently under investigation in our laboratory.
The cell-free DNA replication assay revealed one particularly significant difference between Rep78-and Rep1-mediated replication. It was previously shown that AAV Rep-mediated DNA replication in cell extracts devoid of helper factors demonstrated lower processivity than replication in Ad-infected cell extracts. These experiments employed linear duplex AAV templates from which one of the ITRs was deleted in order to assess the length of replication product produced from a single initiation site (55) . Here, we have used a similar template but substituted all but ca. 40 bp of viral sequence with VOL. 73, 1999 COMPARISON OF AAV Rep78 AND GPV Rep1 2935 on October 13, 2017 by guest http://jvi.asm.org/ plasmid DNA. In uninfected extracts, Rep1-mediated replication from the GPV origin produces primarily full-length product whereas Rep78 acting on the AAV origin produces mostly short fragments ( Fig. 6B and C) . Note that for both the AAV and GPV templates, all sequences outside of the short (45 to 38 bp) viral origins are derived from plasmid and are therefore identical. Thus the short fragments produced by Rep78 are not likely to be due to impassable secondary structure on the template. We conclude that Rep1 and Rep78 mediate highly similar modes of replication, requiring binding to an RBS, cleavage at a trs, and helicase activity. Thus, they provide a model system for the future identification of specific activities required for autonomous versus dependent lifestyles. We report here that the replication complex assembled by Rep1 on the GPV origin has a greater processivity than the one assembled by Rep78 on the AAV origin. Since this processivity problem in AAV has been shown to be abrogated by the presence of the Ad-DBP (56), the processivity difference between replication mediated by the two proteins probably reflects the respective dependence and nondependence on an Ad coinfection for productive replication. In addition, since it has been suggested that a lack of processivity in replication may be a part of the mechanism by which AAV integrates (24, 34) , this difference between the two proteins may also be related to the tendency of AAV to establish latency by integration into the human genome.
Furthermore, this cross-genus comparison may serve as a tool to identify functional domains within the Rep78 protein.
AAV Rep-mediated site-specific integration represents a unique activity. The prospect of altering target specificity in order to achieve targeted integration into other selected loci within the human genome has been suggested (11, 33) . While this approach would be useful (e.g., in the study of chromosome position effects, in the generation of transgenic knockins and knockouts, in the establishment of gene replacement therapy, etc.) its development relies on the precise characterization of the Rep DNA binding domain presumably responsible for mediating the target binding. We characterize here an additional Rep protein which, while active in a comparable manner to Rep78, recognizes a different DNA motif. In this case, domain exchanges may well result in a functional protein, in contrast to simple mutagenesis which is likely to abolish several functions simultaneously. This approach may allow the refined localization and characterization of this potentially useful protein domain.
